Bovine Salivary Protein 30b (BSP30b) is a member of the tubular lipid-binding (TULIP) 19 superfamily that includes the human bactericidal/permeability-increasing proteins (BPI), 20 lipopolysaccharide binding proteins (LBP) and palate, lung, and nasal epithelium carcinoma-21 associated proteins (PLUNC). BSP30b is most closely related to the PLUNC family and is 22 predominantly found in bovine saliva. There are four BSP30 isoforms (BSP30a-d) and 23 collectively, they are the most abundant protein component of bovine saliva. The PLUNC 24 family members are proposed to be lipid binding proteins, although in most cases their lipid 25 ligands are unknown. Here, we present the X-ray crystal structure of BSP30b at 2.0 Å 26 resolution. We used a double methionine mutant and Se-Met SAD phasing to solve the 27 structure. The structure adopts a curved cylindrical form with a hydrophobic channel formed 28 by an α/β wrap, which is consistent with the TULIP superfamily. The structure of BSP30b in 29 complex with oleic acid is also presented where the ligand is accommodated within the 30 hydrophobic channel. The electron density for oleic acid suggests that the ligand is only 31 partially occupied in the binding site implying that oleic acid may not be the preferred ligand. 32 GFP-tagged BSP30b binds to the surface of olive oil droplets, as observed under fluorescent 33 microscopy, and acts as a surfactant consistent with its association with decreased 34 susceptibility to bloat in cattle. Bacteria extracted directly from bovine rumen contents 35 indicate that the GFP_BSP30b fusion protein binds to a small number of selected bacterial 36 species in vivo. These results suggest that BSP30b may bind to bacterial lipids from specific 37 species and that this abundant protein may have important biological roles via interacting 38 with rumen bacteria during feeding and rumination. 39 3 40 Keywords: BSP30b, PLUNC family, fluorescent microscopy, rumen bacteria 41 Abbreviations: BSP30b, bovine salivary protein 30b; PLUNC, palate, lung, and nasal epithelium 42 carcinoma-associated; BPI, bactericidal/permeability-increasing; TULIP, tubular lipid-binding; 43 44 45
have reported that PLUNCs can bind to bacteria and LPS (lipopolysaccharide) (2-4) but in 52 antimicrobial assays PLUNCs showed no bactericidal activity against Escherichia coli DH5-a, P. 53 aeruginosa PA01 or Listeria monocytogenes (5). 54 From a structural point of view, the PLUNC protein family belongs to the TULIP (tubular lipid-55 binding) superfamily (6). The tertiary structure of this domain is a long, bent helix wrapped in 56 four highly curved anti-parallel β-strands, forming a central hydrophobic channel ideal for 57 lipid binding (7) . The TULIP superfamily consists of three protein families -BPI-like, SMP-like 58 (synaptotagmin-like, mitochondrial and lipid-binding protein), and Takeout-like protein 59 families. The BPI-like family includes BPI, LBP, CETP (the cholesteryl ester transfer protein), 60 PLTP (the phospholipid transfer protein), and PLUNC. These proteins are either involved in 61 innate immunity against bacteria through their ability to bind LPS, or in lipid exchange 4 62 between lipoprotein particles. The Takeout-like protein family consists of various arthropod 63 allergens and insect juvenile hormone-binding proteins, which transport lipid hormones to 64 target tissues during insect development. The SMP-like protein family includes subunits of the 65 ERMES complex (ER-mitochondria encounter structures) and the extended synaptotagmins 66 (E-Syts), which appear to be mainly located at membrane contact sites between organelles, 67 mediating inter-organelle lipid exchange (7). 68 The first described PLUNC protein in cattle was named Bovine Salivary Protein 30 (BSP30), 69 based on its mass of approximately 30 kDa (8). This "BSP30" protein is one of the most 70 abundant proteins in bovine saliva, with a concentration of 0.1-0.5 mg.ml -1 . Its abundance 71 was proposed to be associated with the susceptibility of cattle to pasture bloat, a metabolic 72 disease characterized by build-up of stable foam in the rumen and hence impairment of the 73 eructation mechanism, causing rumen distension and respiratory distress (9). Although 74 BSP30b has been systematically renamed as BPIFA2B in 2011 (10), in this paper, BSP30b is 75 used for the sake of simplicity and to remain consistent with previous publications on this 76 particular protein. 77 Further investigation of BSP30 revealed that it is a mixture of two closely related proteins -78 BSP30a and BSP30b, sharing 83% amino acid identity, with expression restricted to salivary 79 tissue (11). Sequencing analysis of the PLUNC gene locus within cattle revealed that there are 80 thirteen genes within this locus, nine of which are orthologous to genes in the human and 81 mouse PLUNC gene locus (12). The other four genes, namely BSP30a, BSP30b, BSP30c, and 82 BSP30d, are thought to arise through gene duplications and are a characteristic feature of 83 ruminants. The implication is that these proteins contribute to ruminant-specific physiological 84 functions (12, 13). A gene expression study indicated that the mRNAs of these four BSP30 5 85 genes are most abundant in tissues associated with the oral cavity and airways. Notably, 86 BSP30a and BSP30b are abundantly expressed in the salivary gland independently of one 87 another and the proteins are secreted into saliva, accounting for 15-30% of the total protein 88 in bovine saliva (14) . 89 Analyses of the cattle PLUNC family at the protein level have focused on BSP30a and BSP30b. 90 Immunohistochemical analysis of bovine salivary glands with antibodies specific for both 91 BSP30a and BSP30b suggested that they are localized to the serous secretory cells (15). 92 Further analysis with Western blotting revealed that BSP30b is present in the parotid, 93 submandibular and buccal salivary glands; whilst BSP30a is only present in the submandibular 94 gland, although its mRNA was shown to be expressed abundantly in the parotid (13, 14) . 95 Functional studies suggests that both BSP30a and BSP30b can suppress the growth of 96 Pseudomonas aeruginosa with moderate potency but suppression was not observed for other 97 pathogens tested, indicating that, unlike the BPI-family proteins, the BSP30 proteins may not 98 have a primary function as bactericidal proteins (13, 15 ). It has also been observed that both 99 BSP30a and BSP30b have no significant LPS binding activity, suggesting the mechanism of 100 their moderate antibacterial activity is independent of LPS opsonisation (13). 101 To address functional questions regarding BSP30 proteins, we have solved the X-ray crystal 102 structure of BSP30b at 2.0 Å resolution. The structure shows the conserved architecture seen 103 among the TULIP superfamily. We have also solved the structure of BSP30b in complex with 104 oleic acid which shows that the hydrophobic channel can sequester one molecule after co-105 crystallization. However, the electron density for oleic acid is relatively poor, suggesting it is 106 not the preferred lipid ligand of BSP30b. We demonstrate that olive oil can be dispersed into 107 nano-droplets after mixing with BSP30b and thus we corroborate its surfactant properties. 6 108 We further report that BSP30b binds to the surface of a small subset of rumen bacterial 109 species and thus, BSP30b may bind to a specific range of lipid ligands and play a biological role 110 in the rumen via interaction with specific rumen bacteria. 154 A GFP_BSP30b fusion protein was constructed to visualize the interaction between BSP30b 155 and olive oil, as well as the interaction with microorganisms in the rumen. Both GFP and 156 BSP30b were cloned into pProEx Htb with the BamHI/PstI and XhoI/HindIII restriction sites, 157 respectively. The fused protein was expressed in LB media with a 6 x histidine tag at the N-158 terminus. 159 Since the primary lipid source for cattle is long chain fatty acids in triglyceride form, the 160 interaction between BSP30b and triglyceride was studied to illustrate the function of BSP30b. (Table 1 ). The structure was solved using SeMet incorporated protein and SAD 190 methods.
Fluorescent microscopy of GFP_BSP30b mixed with olive oil
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BSP30b crystallized with two molecules in the asymmetric unit (Fig. 1a ). Each molecule 192 consists of 7 α helices and 6 β strands as well as connecting turns and loops, which constitute 193 the conserved TULIP fold (Fig. 1b) . The N-terminus of the structure of BSP30b contains four 194 consecutive helices (α1, residues 40-48; α2, residues 50-53; α3, residues 55-69; α4 residues 195 81-100) with the fourth helix lying antiparallel to the preceding three ( Fig. 1c) . Electron Fig. 2a and 2b) at the same position. 231 As SPLUNC1 and BPIFA1 are closely related, we take the comparison between BSP30b and 232 SPLUNC1 as an example. There are two obvious disparities between BSP30b and SPLUNC1. 233 The first difference results from the presence of a second disulfide bond in BSP30b (Fig. 2b) . 234 This second disulfide bond, formed between Cys72 and Cys229, connects the flexible loop just 235 after helix α3 to the C-terminal helix α7 ( Fig. 1b and 2b) . Intriguingly the electron density for 236 the disulphide bond is only clear in one molecule of the asymmetric unit and missing in the 237 other. This may indicate that this disulfide bond is partially reduced under the crystallisation 238 conditions. 239 The second obvious difference between the two structures is that both the N-terminus and 240 C-terminus of SPLUNC1 are located at the same end of its long axis, whilst the termini of 241 BSP30b are located at opposite ends of the long axis (Fig. 2c) . That is to say that the first three Structure of BSP30b with oleic acid in the hydrophobic tunnel 265 Since the primary lipid sources for cattle are linolenic acid, linoleic acid, and oleic acid from 266 pasture grass, we speculated that those fatty acids may be substrates for BSP30b. Thus, the 14 267 binding of these three fatty acids were examined by co-crystallisation separately. Several 268 structures were determined from crystals grown from mixtures of BSP30b and various fatty 269 acids and fatty acid derivatives (e.g. methyl oleic ester). The only structure that revealed 270 elongated stretches of electron density within the hydrophobic tunnel was the complex 271 between BSP30b and oleic acid. The hydrophobic end of oleic acid is buried in the tunnel and 272 its carboxyl group stretches out from the tunnel's opening, forming hydrogen bonds with the 273 carboxyl group of ASP112 and the carbonyl group of ILE113 ( Fig. 3a and 3b ). We suggest that 274 the hydrophobic tail of oleic acid first "glides" into the internal cavity, driven by multiple 275 hydrophobic interactions, while its carboxyl group stretches out and is stabilised by forming We also observe that the overall structure of BSP30b and its internal cavity remain almost 290 completely unchanged upon binding of the lipid ligand, suggesting that the internal cavity of 291 BSP30b also forms a rigid scaffold for its lipid ligands. Only the helix α3 moves slightly away. 292 It is noteworthy that the electron density of oleic acid is clear in one molecule of the 293 asymmetric unit but incomplete for oleic acid in the other molecule (Fig. 3c ). This may suggest 294 that oleic acid is not the preferred ligand of BSP30b. A refinement of the occupancy for the 295 binding site of the predominant ligand showed 80% occupancy for this molecule. GFP_BSP30b binding to the surface of specific rumen bacterial strains 314 A surprising result to us is the observation that the mixture of GFP_BSP30b with ruminant 315 bacteria observed under UV illumination shows that BSP30b binds to just a small number of 316 rumen bacterial cells. BSP30b showed strong binding to a short and curved rod-like bacterial 317 strain, which is clustered as triad or tetrad (Fig. 4c ). Whereas BSP30b does not bind to the 318 majority of bacteria in the field of view. We observed that BSP30b can also bind to a few cocci-319 shaped cells but with weaker fluorescence suggesting a weaker equilibrium constant for 320 binding to these bacteria. We suggest that the binding specificity of BSP30b to certain 321 bacterial surface lipids may result in its binding selectivity to a small subset of rumen bacterial 322 strains and characterising these strains is the subject of ongoing work in our laboratory. α3 has moved away slightly from the core structure upon oleic acid binding. Ligand binding 349 may be related to oxidation/reduction of the disulphide bond that links the C-terminal helix 350 in a similar manner to the takeout proteins. 351 This is also the first time that a PLUNC family protein has been crystallized with its ligand, 352 although the electron density for the ligand suggests ~80% occupancy. We have tried to 353 crystalize BSP30b with linolenic acid and linoleic acid, but in the structural data no electron 354 density was found for either of these fatty acids. Linolenic acid and linoleic acid have more 355 rigid structures compared to oleic acid as they have three and two double bonds on their 18 356 carbon backbones, respectively. In contrast, oleic acid has only one double bond, which gives 357 it more flexibility to occupy the relatively narrow hydrophobic channel. 358 Proteins in the PLUNC family have been shown to have potent surfactant properties at 359 water/liquid interfaces (31, 32). We demonstrated that BSP30b also behaves like an emulsifier, 360 dispersing olive oil into small droplets in aqueous solution. This may be relevant to the original 361 observation that high BSP30 expressing animals had lower susceptibility to bloat (which is 362 caused by uncontrolled foaming in the rumen). 363 We find it intriguing that BSP30b only binds to a small subset of bacterial cells within the 364 rumen. "Bacteria coating" by proteins from the PLUNC group has been reported before (33, 365 34). The binding of murine PSP to E. coli, S. mutans, A. actinomycetemcomitans, and L. 366 monocytogenes has been demonstrated to be protein-protein interactions dependent on the 367 presence of Zn 2+ . However, we suggest that BSP30b binds to specific lipids on the bacterial 368 surface based on the crystal structure and oleic acid binding. The "bacterial cell coating" by 369 human SPLUNC1 on P. aeruginosa-pMF230 has been investigated using confocal microscopy, 370 and the protein is proposed to display a bacteriostatic property preventing bacterial growth. 371 Other studies also report that anti-biofilm properties of human SPLUNC1 may due to its role 
